Abstract: The aim of this study was to evaluate beef production potential and meat quality in young crossbred bulls and steers raised indoors and fed grass-based diets. One half of 96 bull calves were castrated at 2-3 wk of age. The calves were fed standard diets, and starting at 7 mo of age, they received grass silage supplemented with concentrates. At the end of the fattening period (18 and 21 mo of age), the animals were slaughtered, carcass quality was evaluated, and samples of musculus longissimus thoracis were collected to determine the proximate composition and meat quality. The semi-intensive feeding system contributed to higher daily gains (0.835 kg) in Holstein-Friesian (HF) × Hereford (HH) crosses. In comparison with steers, bulls were characterized by a higher dressing percentage (+1.33%), higher weight of five most valuable primal cuts (+6.7 kg), and higher lean meat content of three-rib cuts (+7.54%). Meat from steer carcasses, which had higher fat content was more tender and had desirable aroma, juiciness, and flavor. In semi-intensive production systems, steers performed better than bulls, and HF × HH crosses were more suitable than HF × Limousin (LM) and HF × Charolais (CH) crosses. Dairy-beef crosses should be slaughtered at 21 mo of age to improve carcass quality.
Introduction
Beef available on the market varies in quality depending on the breed type, age, and sex category of cattle. The incidence of beef quality defects has been increasing recently due to the intensification of livestock production and inadequate welfare standards. Fattening methods vary from farm to farm, which considerably affects marbling and palatability of beef. Beef from grass-fed cattle is becoming increasingly popular because it supports trends towards more extensive land use, and delivers health benefits due to its favorable fatty acid profile, including elevated proportions of conjugated linoleic acid and n-3 fatty acids (Daley et al. 2010) . In a study by Razminowicz et al. (2006) , beef from grass-based production systems did not differ in the concentrations of the desired fatty acids at the end of summer and winter feeding periods, presumably because winter diets relied on conserved forage. Some studies have failed to find any differences in sensory scores or consumer acceptability between dairy and beef breeds raised under similar conditions (Christensen et al. 2011; Lizaso et al. 2011) . In Europe, a large proportion of beef production comes from dairy breeds and dairy crosses as a by-product of the dairy industry (Hocquette and Chatellier 2011) . The Holstein-Friesian (HF) cattle breed is not suitable for producing high-quality beef (Nogalski et al. 2013) . Therefore, part of dairy cow and heifer populations can be used for commercial crossbreeding to improve beef quality. Sire breed has been found to considerably affect progeny growth performance, carcass characteristics, and the fatty acid profile of subcutaneous and intramuscular fat (IMF) (Choi et al. 2000; Cuvelier et al. 2006; Garcia et al. 2008; Simčič et al. 2009; Huuskonen et al. 2013 ). Bulls of large-framed late-maturing breeds, e.g., Charolais (CH), are used for intensive fattening to heavy weights. Although their carcasses have only a thin layer of subcutaneous fat, beef from CH bulls is renowned for its superior tenderness (Özlütürk et al. 2004; Albertí et al. 2008; Clarke et al. 2009 ). Apart from their high carcass value , Limousin (LM) cattle have high production potential and achieve relatively high daily gains in both intensive and semi-intensive farming systems (Clarke et al. 2009; Simčič et al. 2009 ). Hereford (HH) cattle and their commercial crosses should be raised in semi-intensive and extensive production systems (Trela and Choroszy 2011) because this small-framed early-maturing breed is characterized by increased fat deposition at the end of fattening (Huuskonen et al. 2013) . Nevertheless, the crossing of dairy cows with HH bulls results in high productivity (Purwin et al. 2016) . Therefore, an attempt was made in the present study to evaluate which sire breed is most suitable for producing offspring, characterized by the most desirable carcass parameters and sensory properties of meat in a semiintensive farming system. Some male crossbred calves, produced by dairy cows mated to beef bulls, can be castrated and raised as steers. In several European countries, the attributes of beef from steers remain underestimated. Steer carcasses have higher fat content than bull carcasses, and beef from steers meets consumer preferences with regard to sensory quality. Castration reduces blood testosterone levels, which is why steers are more docile and easier to handle than bulls (Nogalski et al. 2014) .
The objective of this study was to evaluate beef production potential and meat quality in bulls and steers produced by crossing HF cows with HH, LM, and CH bulls, raised in a semi-intensive production system and slaughtered at different ages.
Materials and Methods
The protocol for animal research was approved by the Ethics Committee at the University of Warmia and Mazury. All slaughter and postslaughter processes were carried out in accordance with the current meat industry regulations [Council Regulation (EC) The experimental materials comprised 96 crossbred calves, including 48 bulls and 48 steers, produced by crossing HF cows with HH, LM, and CH bulls (Table 1) . The semen of 25 bulls was used for insemination (6 HH bulls, 11 LM bulls, and 8 CH bulls) .
Calves of known origin were purchased at 2 or 3 wk of age (±5 d) from 14 herds kept on farms in northeastern Poland, located within a maximum distance of 80 km from the experimental facility. The animals were placed in group pens in a rearing facility. One half of the calves were castrated at purchase. Bloodless castration was carried out using a rubber elastrator (Heiniger, France). The calves were fed milk replacer through an automatic feeder, hay, and concentrate, followed by grass silage. The daily dose of liquid feed was 8 L between 2 and 4 wk of age, 6 L between 5 and 7 wk, 4 L between 8 and 11 wk, and 3 L between 11 and 13 wk. One kg of milk replacer contained 22% of total protein, up to 0.8% of crude fiber and 15% of crude fat, mixed with water in the ratio of 1:8. During the liquid feeding period, the calves had unlimited access to concentrate and hay. The calves were weighed once a week. Milk replacer feeding was continued until the animals reached 130 kg body weight (BW). Then the calves were fed solid feed and had free access to water. At 6 mo of age, the animals were placed in a fattening facility, and were allocated to free-stall group pens based on sex category. The fattening period lasted 12 or 15 mo, i.e., to 18 or 21 mo of age. After a 30 d adaptation period, the calves were fed a total mixed ration (TMR) in a semi-intensive system. The TMR was composed of grass silage and concentrates I and II. Concentrate I was fed to BW of 300 kg, and concentrate II was fed above 300 kg BW ( The animals were weighed at the beginning of the fattening period (210 d), at 2 wk intervals during the fattening period, and at the end of the fattening period, in the morning, before feeding. Average daily gains were calculated. Upon reaching the slaughter age (18 and 21 mo, ±11 d), the calves (eight groups of 12 animals each) were transported over a distance of 90 km to the abattoir where they were kept in lairage for 15-20 h prior to slaughter, in individual boxes with free access to water. The animals were stunned and slaughtered. The carcasses were dressed and halved along the spine into two halfcarcasses that were chilled for 96 h at 4°C. Electrical stimulation was not applied to the carcasses. Halfcarcasses were weighed with an online automatic weight within an accuracy of 0.5 kg (hot carcass weight), and conformation and fatness were evaluated based on the EUROP system criteria by a trained grader (Kien 2004) .
Carcass dressing percentage (percentage ratio of carcass weight to live BW at slaughter) was calculated. Ninety-six hours post mortem, three-rib (10th-12th rib) sections were sampled from right half-carcasses (two cuts through a half-carcass, perpendicular to the spine, between the 9th and 10th, and the 12th and 13th thoracic vertebrae). The surface area of longissimus thoracis (LT) was outlined on wax paper, between the 9th and 10th thoracic vertebrae, and was measured with a planimeter. Half-carcasses were divided into primal cuts in accordance with the Polish Standard of 2003 (PN-88/A-82003/Apl.). Five most valuable cuts, i.e., shoulder, fore ribs, best ribs, loin, and round of beef, were weighed and their percentage shares in the right half-carcass were estimated. Three-rib cuts were dissected, and the percentage content of soft tissues (lean meat, fat, and tendons) and bones was determined. 5.4 ± 0.22 9.2 ± 0.00 7.7 ± 0.00 8.6 ± 0.00 8.7 ± 0.00
Note: Fermentation characteristics of silage: pH 4.8 ± 0.3; lactic acid, 5.4 ± 2.0% dry matter (DM); volatile fatty acids, 2.7 ± 0.5% DM; water soluble carbohydrates, 8.2 ± 4.8% DM; N-NH3% N, 10.3 ± 6.7; true protein, 51.8 ± 4.6% crude protein. Mean ± standard deviation. NDF, neutral detergent fiber; ADF, acid detergent fiber; DOMD, digestible organic matter digestibility; PDIN, protein digested in the small intestine (depending on rumen-degraded protein); PDIE, protein digested in the small intestine (depending on rumen-fermented organic matter); NE, net energy.
During carcass dressing, LT samples were collected from right half-carcasses to evaluate beef quality. Meat samples weighing approximately 300 g were packaged in PA/PE vacuum bags at an ambient temperature of around 4°C, under standard industrial conditions. In the laboratory, meat color was evaluated based on the values of CIELAB coordinates, L* (lightness), a* (redness), and b* (yellowness) (C.I.E. 1978). Color space parameters L*, a*, and b* were measured three times by the reflectance method, using a HunterLab MiniScan XE Plus Spectrocolorimeter, at different points over the muscle cross-section area. Color measurements were performed on meat samples stored for 30 min at 4°C, covered with foil permeable to oxygen and impermeable to water. After color measurements, each meat sample was divided into two portions; the first portion was used to determine the proximate chemical composition and physicochemical properties of meat, and the other portion was used to evaluate the sensory attributes of meat.
The analysis of the proximate chemical composition of meat included the determination of DM, total protein, crude fat, and ash, according to the procedure proposed by Wajda et al. (2014) . The physicochemical properties of meat determined in the study included ultimate pH, water-holding capacity and Warner-Bratzler shear force (WBSF). The value of pH 48 was measured after 48 h of carcass chilling, in LT, between the 10th and 11th thoracic vertebrae. Water-holding capacity was determined based on natural drip loss and cooking loss. To estimate natural drip loss, approx. 20 g meat samples were packaged in polyethylene string bags and placed in an incubator at a temperature of 4 ± 1°C; after 24 h, the samples were dried and weighed again within an accuracy of 0.001 g; natural drip loss was calculated as the difference between sample weights before and after cold storage. Cooking loss was determined according to the method proposed by Honikel (1998) ; meat samples were weighed, they were packaged in plastic bags and placed in a water bath at a temperature of 80°C for 1 h; then the samples were cooled for 30 min under running water, dried and weighed again to determine their weight after cooking; cooking loss was calculated as the difference between sample weights before and after the heat treatment. WBSF values (N) were measured using an Instron 5542 universal testing machine (Instron, Norwood, MA, USA) equipped with a shear blade. Cylindrical core samples (1.27 cm diameter, about 40 mm long) were cut out with a cork borer in the direction of muscle fibers. The shear blade (V-shaped, with a triangular aperture of 60°) was applied perpendicularly to the fiber direction at a crosshead speed of 2 mm/s (Walsh et al. 2010) . The test was performed at room temperature (approx. 18°C). Data were processed using Bluehill 3 software (Instron, Norwood, MA, USA).
For sensory analysis, 200 g meat samples were cut out across the muscle fibers, and were cooked in a 0.6% NaCl solution (meat to solution weight ratio of 1:2) at a temperature of 96°C (±2°C). Pasteurization was carried out until the temperature inside the sample reached 75°C. The samples were evaluated based on Polish Standard PN ISO 4121:1998. The sensory attributes of coded meat samples (aroma, taste, juiciness, and tenderness) were evaluated on a five-point scale (where 1 and 5 denoted the minimum and maximum score, respectively) by five trained panelists, selected based on their flavor sensitivity. The samples were presented to the panelists at room temperature (approx. 20°C), in fluorescent light. Each panelist received coded samples in the random order, and each sample was tested by all panelists.
Intramuscular fat was extracted from ground meat samples by the Soxhlet method using the Büchi B-811 extraction system, with hexane as a solvent, to determine the fat content of LT.
The data were processed statistically using Statistica version 12.0 software (StatSoft Inc. 2014) . The effects of breed type, gender, and slaughter age were determined by the least squares method, using the below formula:
where Yijk is the value of the analyzed parameter, μ is the population mean, A i is the effect of breed type (1, 2, 3), B j is the effect of gender (1, 2), C k is the effect of slaughter age, (AB) ij is the effect of breed type × gender interaction, (AC) ik is the effect of breed type × slaughter age interaction, (BC) jk is the effect of gender × slaughter age interaction, (ABC) ijk is the effect of breed type × gender × slaughter age interaction, and e ijkl is the random error.
Differences between means were estimated by Tukey's test.
Results
During the fattening period, no significant differences were found between groups in daily gains (Table 3) , which ranged from 0.795 to 0.836 kg. The BWs of animals at the beginning of the fattening period (210 d of age) were affected (P < 0.01) by sex category. Bulls, with average initial BW of 230.1 kg, were 13.7 kg heavier than steers. The effect of gender decreased during fattening, but bulls tended to have higher BWs until slaughter. Different slaughter ages (P < 0.01) and breed types (P < 0.05) of bulls and steers were reflected in different slaughter weights and, consequently, different hot carcass weights. Animals slaughtered at a later age, and HF × HH crosses, produced the heaviest carcasses (316.6 and 295.5 kg, respectively) with the highest fat content (6.6 pts-class 2+). In contrast, HF × LM crosses produced the lightest carcasses with the lowest fat content (EUROP) (P < 0.01) and the highest dressing percentage (59.05%). In comparison with steers, bulls had a considerably higher carcass dressing percentage and higher weights of five most valuable primal cuts. Bull carcasses had a less favorable ratio of LT to hot carcass weight (0.288) and considerably lower fat cover than steer carcasses (5.3 vs. 6.7).
An analysis of the effect of slaughter age on carcass traits revealed that animals slaughtered at 21 mo of age, compared with those slaughtered at 18 mo, had higher hot carcass weight, better conformation in the EUROP classification system (P < 0.01), higher weight of five most valuable primal cuts (P < 0.01), and a larger crosssectional area of LT (P < 0.05). The carcasses of older animals had also higher fat content (fat class 3 in the EUROP classification system).
Bulls and steers slaughtered at 21 mo of age had higher weight of three-rib cuts than their counterparts slaughtered at 18 mo of age (Table 4 ). An analysis of the tissue composition of three-rib sections demonstrated that all experimental factors affected (P < 0.01) the percentages of lean meat and fat in the carcass (Table 4) . A gender × slaughter age interaction for the lean meat and fat content of three-rib cuts (P < 0.01), and interactions of all experimental factors for carcass lean content, were noted. Carcass lean content was lower in bulls slaughtered at 18 mo of age than in those slaughtered at 21 mo of age, which resulted from higher carcass fat in older animals and differences in the percentage of bones in the carcass. Attention should be paid to the difference in the percentage of bones in the carcasses of HF × CH crosses slaughtered at 18 and 21 mo of age (22.92% vs. 18.85%). In steers, an age-related increase in carcass fat content was accompanied by a decrease in the content of lean meat and bones. The difference in carcass fat content between bulls and steers reached 10.36% (P < 0.01). An analysis of the chemical composition of LT revealed that its IMF content was 3.26% in steers, and it was half as high in bulls (P < 0.01) ( Table 5 ). HF × LM crosses had the lowest IMF content (1.51%).
In the present study, the values of ultimate pH (48 h) measured in LT ranged from 5.47 to 5.57, and were influenced by gender; meat from steers tended to have lower pH. Meat color parameters were affected by breed type. LT samples collected from the carcasses of HF × HH crosses had the highest values of lightness L* (P < 0.05), redness a*, and yellowness b* (P < 0.01). A sex category × slaughter age interaction was noted for the contribution of yellowness, which was lower in bulls slaughtered at a later age. Meat from steers was more tender and had lower WBSF values. The meat of HF × LM crosses had higher WBSF values than the meat of HF × CH and HF × HH crosses (51.78 vs. 40.32 and 39.92, respectively). The experimental factors had no significant effects on natural drip loss or cooking loss.
An analysis of the sensory properties of LT demonstrated that gender influenced (P < 0.05) the aroma, juiciness, and flavor of beef, and meat from steers received higher scores for those attributes (Table 6) . A breed type × slaughter age interaction was observed for meat Table 3 . Mean body weight at the beginning and at the end of fattening, and selected parameters of bulls and steers. c Five most valuable primal cuts included shoulder, fore ribs, best ribs, sirloin, and round. 21.54, 19.11, 20.84, 20.02, 22.92, and 18 .85 for HH number 18 (HH18), HH21, LM18, LM21, CH18, and CH21, respectively. Values of 15.89, 13.15, 14.27, and 14.77 for bull 18 (B18), B21, and steer 18 (S18) and S21, respectively. juiciness ( Fig. 1 ), which increased with age in HF × CH and HF × LM crosses. Such a trend was not observed in HF × HH crosses, although the IMF content of LT was highest in this group.
Discussion
When evaluating the beef production potential of cattle, attention should be paid to the high live BWs of HF × HH crosses and their high daily gains as compared with HF × LM crosses and, in particular, HF × CH crosses. Due to the low profitability of cattle fattening, cattle are fed roughage or roughage supplemented with concentrate. Silage made from grass wilted to above 40% DM, which predominates in Poland, is less willingly consumed by cattle than silage made from grass wilted to 30% DM, popular in countries where grass-fed beef is produced (Scandinavia, Great Britain, and Ireland) (Purwin et al. 2016) . In Finnish studies where cattle were fed grass silage, the content of amino acids absorbed in the small intestine per kg DM of feed was 86 and 91 g (Manninen et al. 2011 ), 85 g (Pesonen et al. 2013b , and 84 g (Pesonen et al. 2013a ). In our study, the average content of protein digested in the small intestine in silage made from wilted grass in bunker silos was 69.0 g per kg DM. In view of tissue quality, HF × CH and HF × LM crosses have higher protein requirements. Thus, the factor limiting the fattening performance of HF × CH and HF × LM crosses fed wilted grass silage was an insufficient supply of protein digested in the small intestine, which resulted from lower silage intake and inadequate quality of protein from wilted grass silage. The fattening performance of HF × CH crosses fed grass silage could be increased by dietary protein supplementation or changes in silage production technology involving a lower degree of grass wilting prior to ensiling. HF × HH crosses produced the heaviest carcasses, which confirms the opinion that the HH breed can be classified as medium-sized, and that pure-bred HF bulls can be raised to heavy carcass weights (above 400 kg) with grass silage-grain-based diets (Pesonen et al. 2013a ). The observed increase in carcass weight was affected by considerably higher fat content of the carcasses of HH crosses, which points to increased carcass fat deposition towards the end of fattening (Trela and Choroszy 2011) . According to the authors, the absence of significant differences in BW at the end of the fattening period, average daily gain, and hot carcass weight between animals of different sex categories was due to the feeding regime. A moderate level of energy intake and lower sensitivity to changes in dietary protein levels weigh in favor of steers (Sharman et al. 2013) .
Lower carcass fatness and higher weight of the five most valuable primal cuts in bulls are due to steroids, mainly testosterone, produced in the testes. Testosterone binds to receptors in the muscles and stimulates amino acid incorporation into proteins, thus increasing muscle weight without promoting fat deposition (Dayton and White 2008) . Our results confirm the observation made by Duckett et al. (2014) that increasing slaughter age has a beneficial influence on BW, carcass weight, carcass conformation, and musculus longissimus dorsi area in cattle, as well as on an increase in carcass fat content in steers, and to a lesser extent, in bulls.
Beef quality and aging process are considerably affected by pH, measured 48 h post mortem (Ahnström et al. 2009; Filipcik et al. 2009 ). In the present study, the value of pH 48 did not exceed 5.8, which is recommended for beef subjected to aging . One of the main reasons for bull castration is low meat acidification. The lower pH of meat from steers, as compared with bulls, could result from lower blood testosterone levels in the former, which prevented the depletion of energy reserves needed for lowering the pH of muscles. The pH of beef is also correlated with its color (Filipcik et al. 2009 ), which is an important quality attribute. If meat color is not acceptable, all other quality attributes assessed visually by consumers lose their importance. Meat color is determined by the concentration and chemical form of myoglobin, the primary heme pigment. Myoglobin levels in skeletal muscles are affected by the species, age, and physical activity of animals, and muscle activity in the live animal. Some studies indicate that grass-fed beef is darker than beef from grainfinished animals (Realini et al. 2004 ) because pasturefed animals have higher levels of muscle myoglobin, as they are more active than concentrate-fed animals that are kept indoors (Priolo et al. 2001) . The darker color of beef presumably results from a higher percentage of meat pigments, which is quite natural in older animals (Daszkiewicz et al. 2006) . Such a trend was not observed in our study. The values of yellowness b* could be related to the feeding regime. Duckett et al. (2009 Duckett et al. ( , 2013 reported significantly increased yellowness of external fat, likely related to a 1.5-to 10-fold increase in adipose β-carotene deposition in response to grass/forage-feeding. In the present study, the highest value of parameter b* was noted in meat from HF × HH crosses. This is consistent with the findings of Pesonen et al. (2013a) who analyzed HH, CH, and HH × CH cattle, but does not support the observation made by Pogorzelska et al. (2013) that meat from CH cattle has a higher contribution of yellowness compared with meat from HH and LM cattle. In the current experiment, an analysis of the effect of breed type on WBSF values revealed that meat from HF × HH crosses was most tender, which resulted from a substantially higher IMF content of LT. Also due to higher carcass fatness, differences in WBSF values (P < 0.05) weigh in favor of steers (P < 0.01). Castration improves beef quality grade due to higher fat content (Heaton et al. 2006) , and differences in adiposity may affect the eating quality of beef. Numerous studies have demonstrated that increased marbling or IMF content is associated with greater tenderness, juiciness, flavor liking, and overall liking (Chriki et al. 2012; Gagaoua et al. 2014 Gagaoua et al. , 2016 . Therefore, lower levels of IMF and lower marbling scores of bulls (Drayer 2003; Choat et al. 2006; Chriki et al. 2013 ) result in lower eating quality of beef. Variable eating quality is a major factor in declining beef consumption and consumer satisfaction. In our study, the higher IMF content of LT in steers vs. bulls was correlated with higher scores for the aroma, juiciness, and flavor of beef (P < 0.05). Tenderness is one of the most important quality attributes of beef (Devitt et al. 2002) . Ultimate meat tenderness is highly variable, which is the main reason for consumer dissatisfaction and partially explains the decline in beef consumption observed over recent decades (Hocquette and Chatellier 2011) . In the absence of differences in IMF content, driving the differences in the eating quality of beef, other factors such as variations in fiber diameter and collagen content could have played a role (Chriki et al. 2013) . Some studies have found no differences in shear force (Drayer 2003) or scores for tenderness and flavor (Mandell et al. 1997) between bulls, heifers, and steers. Beef carcass quality is greatly affected by the genetic group of cattle (Prado et al. 2009 ), therefore, selected breeds or crossbreeds can be used to produce high-quality beef with desirable characteristics (Florek 2013 ).
Conclusions
The fattening performance and carcass characteristics of HF × HH crosses indicate that the HH breed is predisposed to producing grass-fed beef. The factor that limited the production potential of HF × LM and HF × CH crosses, which have high nutrient requirements, was less intensive feeding. Gender affected some quality attributes of meat, such as WBSF values, aroma, juiciness, and flavor. Beef from steers had higher sensory quality, which could result from higher fat content of their carcasses compared with bulls. In order to improve carcass quality (hot carcass weight, conformation scores in the EUROP system, weight of five most valuable primal cuts, and LT area), dairy-beef crosses should be slaughtered at 21 mo of age. The carcasses of older animals have a higher content of fat, including IMF, which ensures beef marbling desired by consumers.
